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SUMMARY
Fragmentation characteristics for four artificial meteoroids of high den-
sity and high tensile strength with varying size, velocity, and material are
investigated. The meteoroids analyzed were lifted to natural meteor altitude
by a rocket vehicle system. The meteoroids were then accelerated back into the
Earth's atmosphere at natural meteor velocities.
Studies of natural meteors have indicated that anomalous deceleration in
these meteors is caused by progressive fragmentation. However, the meteoroids
were generally assumed to be porous and of weak structure. The fact that high-
density and high tensile strength meteoroids might have anomalous deceleration
due to fragmentation was not seriously considered.
The present study addresses anomalous deceleration of high-density meteor-
oids. The analysis is based on forcing the theoretical meteor deceleration
curve to match its corresponding measured deceleration curve by allowing the
meteoroid to fragment in a specified manner. Best results were obtained from
a fragmentation model based on a geometrical progression of breakup along the
meteor trail.
INTRODUCTION
The meteoroids that produce faint photographic meteors are usually visual-
ized as having a very porous and fragile structure with a low tensile strength
(ref. 1). Anomalies in the deceleration of these faint meteors is a common
occurrence as ascertained from observational data on natural meteors. These
anomalies are the progressive departure of observed decelerations of natural
meteors from the deceleration expected on the basis of single-body meteor
theory. These anomalies also show up in the meteor light curve in that faint
meteors mostly rise to maximum brightness faster and have a shorter duration
than prescribed by the theory based on single-body meteor ablation.
In reference 1 an explanation for the anomalous deceleration observed in
faint meteors has been shown to be due to progressive fragmentation. Photo-
graphic meteor observations were used to derive empirical corrections which
account for progressive fragmentation. The theory of reference 1 is based
mostly on faint meteors and on the idea that these faint meteors are of porous
and fragile structure. The fact that the meteoroids may have high density with
high tensile strength has not been seriously considered.
The purpose of this paper is to analyze and report the results from four
artificial meteoroids of high density and high tensile strength. These meteor-
oids were lifted to natural meteor heights by using a rocket vehicle system and
entered the atmosphere at meteor speeds. The departure of observed decelera-
tion of the four meteoroids from the deceleration expected on the basis of
single-body theory is investigated, and the resulting fragmentation character-
istics are determined.
SYMBOLS
A effective cross-sectional area of object, cm
a,b,c,k constants used in least-squares solution of distance equation
D distance along meteor trail, km
I radiant power of point on meteor trail, J/sec
Io s radiant power of zero magnitude meteor as detected by system s, J/sec
K dimensionless meteoroid shape factor
I characteristic dimension of meteoroid, diameter in cm
M absolute meteor magnitude
m instantaneous meteoroid mass, g
Amj mass loss of meteoroid, g
R Reynolds number
t time, sec
V meteoroid velocity, km/sec
Vrp mean thermal velocity of atoms evaporated from surface of meteoroid,
km/sec
3 directionality coefficient of evaporation
T drag coefficient of meteoroid
6 meteoroid density, g/cm^
v kinematic viscosity, km^/sec
p „ atmospheric density, g/cm?
TO' luminosity coefficient, sec^/g-cm~
Subscript:
j amount of mass lost over short time increment
A dot over a symbol refers to the first derivative.
2
EXPERIMENT
Vehicle and Trajectory
The four artificial meteors analyzed were produced from rocket flights
launched from NASA's Wallops Flight Center, Va. The experiments took place
during a 6-year time period from 1962 to 1967. The primary objective of these
experiments was to determine luminous efficiencies of artificial meteors.
Three of the experiments used the Trailblazer II rocket vehicle system.
A detailed description of the Trailblazer II rocket vehicle can be found in
references 2 to 5. A photograph of the Trailblazer II rocket vehicle is shown
in figure 1. The vehicle has six stages and produces one artificial meteor.
It has two booster stages and a velocity package that contains a single reentry
system. This reentry system, shown in figure 2, consists of three rocket motors
and an accelerator containing the artificial meteoroid material.
One experiment used the Nike-Cajun rocket vehicle system. A description
of the Nike-Cajun rocket vehicle can be found in reference 6. The Nike-Cajun
vehicle, shown in figure 3, has six stages and is designed to produce two arti-
ficial meteors separated in time. The rocket system consists of two rocket
motors as booster stages and a velocity package, shown in figure 4, that con-
tains two separate reentry systems. Each reentry system consists of a 12.7-cm
spherical rocket motor and a shaped charge accelerator containing the artificial
meteoroid material.
Discussions in following sections of this paper refer to these four exper-
iments as meteor 1, meteor 2, meteor 3, and meteor 4. Data essential for anal-
ysis of the four meteors are given in table I.
Accelerators and Pellet
Two types of accelerators were used to produce the artificial meteors.
Two of the Trailblazer II vehicles used air-cavity accelerators, as shown in
figure 5, to accelerate an artificial meteoroid of ductile metal initially in
the form of a disk. These air-cavity accelerators gave the artificial meteor-
oids a velocity increment of about 4.3 km/sec. At this velocity, the meteoroid
could be recovered from ground test firings, and the mass could be accurately
determined. Figure 6 is a photograph showing one of these artificial meteor-
oids before ground test firing and after recovery from test firing. A descrip-
tion of the air-cavity accelerator is given in references 7 and 8.
The other Trailblazer II experiment and the Nike-Cajun experiment used
shaped charge accelerators, as shown in figure 7, to produce a small, irregu-
larly shaped meteoroid with a velocity increment of about 9.5 km/sec. The pro-
jectile from this type of accelerator could not be recovered from ground test
firings. The masses in this case had to be determined indirectly from measure-
ments of flashed X-ray photographs. Figure 8 shows a flash radiograph of one
of these meteoroids taken during ground test firings. A more detailed descrip-
tion of the shaped charge accelerator is given in references 9 and 10.
In all four experiments the maximum velocity of the meteoroid was the
velocity increment due to the accelerator plus the velocity increment due to
the rocket system connected in tandem with the accelerator.
Photographic Instrumentation
The luminous meteor trails produced by the four meteor experiments were
photographed by ground-based ballistic cameras. The types used- were the
Super-Schmidt cameras, the BC-4 ballistic cameras, and modified K-24 and
K-37 cameras. Optical characteristics of these cameras are given in refer-
ence 5. Camera sites were located at Wallops Flight Center, Va., Eastville,
Va., Sandbridge, Va., and Coquina Beach, N.C. The locations of the four camera
sites with respect .to the reentry areas of the Trailblazer II and Nike-Cajun
vehicles are shown in figure 9. Figure 10 shows meteor 1 photographed during
atmospheric entry. The luminous trail from this meteoroid is similar in
appearance to the luminous trails of the other three. Photographs of this type
from two different locations are sufficient for determining the position of the
meteor. If at least one photograph is taken by using a camera with repeating
shutters, a chopped meteor trail results and velocity and deceleration of the
meteor can be determined.
Light-intensity data of the meteor trail is furnished by these photographs
and is sufficient to define the meteor light curve. The mass loss of the mete-
oroid as it passes through the atmosphere is proportional to the light intensity
as determined from the light curve. A thorough description of photographic pho-
tometry for defining the meteor light curve is given in reference 11.
METHOD OF ANALYSIS
The objective of this analysis is to determine the fragmentation character-
istics during atmospheric entry of high density and high tensile strength arti-
ficial meteoroids of known mass, shape, and velocity.
The approach uses theoretical equations of meteor physics for nonfragment-
ing meteoroids together with available measured data obtained from photographs
of the luminous meteor trails. The analysis for determining fragmentation
characteristics is based on comparing and fitting the theoretical velocity-
altitude (deceleration) curve of a nonfragmenting meteoroid.with the measured
(observationally determined) deceleration curve of the same meteoroid. By
integrating the meteoroid drag equation, which describes the motion of a non-
fragmenting meteoroid entering the atmosphere, and then considering the meteor-
oid to fragment in different ways, a fit of theoretical and measured decelera-
tion curves can be obtained. The standard assumption that mass loss, and thus
the change in mass of the meteoroid along the trail, is proportional to the
light intensity as determined from the measured light curve of the meteor entry
is used.. The basic meteor equations used in the analysis of the data are the
theoretical drag equation and the equations for luminosity, mass loss, and mea-
sured velocity, hereafter referred to as the data-reduction equations.
Drag Equation
From reference 12 the drag or resistance equation for a meteoroid entering
the atmosphere is
dV FKP _ &VT dm
— = V2 + (1)
dt 62/3ml/3 m dt
The directionality coefficient of evaporation B is 4/9 for hemispheric evapo-
ration and 0 for isotropic evaporation.
Three parameters in equation (1), which are not accurately known for most
natural meteoroids, are the drag coefficient F, the shape factor K, and the
density of the meteoroid 6. The drag coefficient F and the shape factor K
depend primarily upon the shape and orientation of the meteoroid. For most
natural meteoroids F can vary from a low value of 0.5 to a high value of 1.0
and the shape factor K' is assumed to be that for a sphere. Densities of the
artificial meteoroids are known, and since their approximate shapes are known,
drag coefficients and shape factors can be approximately determined.
The artificial meteoroids that formed meteor 1 and meteor 4 were approxi-
mately rod shaped before any fragmentation began. (See fig. 8.) Results of
comparing theoretical and measured velocity curves showed that these meteoroids
were initially oriented in a near streamline direction.. A constant drag coef-
ficient of 0.75 was used for these two meteoroids.. before fragmentation began.
This value of 0.75 represents an average drag coefficient for a round leading
edge (CD = '\.25\ and a flat edge (CD = 1.75\ (values of CD from ref. 13,
ch. 18j where
F
 = \ CDe (2)
and CD is the frontal area of the body. After fragmentation of the meteor-
oids begins, all fragments are assumed to be spherical in shape, and the drag
coefficient is given by (from ref. 13, ch. 19)
(3)
In this equation R is the Reynolds number defined. as
R = — (4)
v
The artificial meteoroids that formed meteor 2 and meteor 3 were approxi-
mately disk shaped before fragmentation began. (See fig. 6.) A drag coeffi-
cient determined from equation (3) was used for these meteoroids over their
entire trajectory (ref. 13).
The dimensionless shape factor K from equation (1) is defined such that
(5)
For a sphere, K = 1.21. For a cylinder, K > 1 for the broadside aspect and
K < 1 for the streamline aspect.
The second term in equation (1) is due to the reactive force of vaporizing
meteoroid material and is greatest for large meteoroids where vaporization is
limited to the front hemispherical surface. The four artificial meteoroids are
small enough so that mean isotropic evaporation probably prevails and the reac-
tive force term can be neglected.
Data-Reduction Equations
Reference 6 gives the relation for determining the meteor magnitude of a
point on the meteor trail in terms of radiant power I. In terms of radiant
power
M = -2.5 log - (6)
or
(7)
The brightness in meteor magnitude along the optical meteor trail is the
meteor light curve. The meteor light curve can be used to determine a time
history of the meteoroid's mass loss.
The meteor magnitude in equations (6) and (7) is measured directly from
photographs of the visible meteor trail. Magnitude is obtained by comparing
points along the meteor trail with the star background for which magnitudes
have been cataloged. Some corrections are necessary to arrive at the final
value for magnitude. Details of the procedure for determining meteor magni-
tude and making the necessary corrections is given in reference 14. From ref-
erence 6 the relation between meteor luminosity and the time rate of mass loss
of the meteoroid, assuming a constant luminosity to mass-loss proportionality,
is given by
I . , 1 Am ,
= io-°-4n> = - TO' — V3 (8)
Io,s 2 ° At
The luminosity coefficient is assumed constant, and for small meteoroids the
velocity is nearly constant during the ablation process. Thus, from equa-
tion (8) the amount of original meteoroid mass ablated away during a small time
increment Atj of visible meteor trail is
_n AM. At-i
(9)
The original mass of the meteoroid is the sum of all Amj over the meteor
trail, assuming that the meteoroid is completely consumed. In this case the
original meteoroid mass is
(10)
The ratio of Amj to m is therefore
Amj 2 x 10"°'4M3 At-j/T0 'V3 (1!,
2 ^~ lo"°'4Mi Atj/T0 'V3
For constant V and constant TO'
. , -0.4M.;Am 10 -I
(12)
Equation (12) can be used to determine mass loss Amj over a short time
increment. Since Amj can be determined, an instantaneous mass curve against
either time or altitude can be determined for the meteoroid. This instanta-
neous mass is used in the theoretical drag equation but does not take into
account the fact that mass at any time may be a cluster of small individual
fragments, each of which acts like a separate meteoroid.
Measured velocity and deceleration along a meteor trail are determined
from a purely empirical relation. (See refs. 14 and 15.) The distance along
a chopped meteor trail and the associated relative time, as determined from
timed shutter breaker from a ballistic camera, are given by
D = a + bt + cekt (13)
where a, b, c, and k are constants to be determined. Velocities and
decelerations are easily obtained by differentiation; thus
dD . .
V = — = b + kcekt (14)
dt
dV
V = — = k2cekt (15)
dt
The probable error for the initial meteor velocity appears to be on the order
of 0.01 percent for good natural meteor trails. For some natural meteor trails
with poor initial velocity determinations, the probable error is about 0.3 per-
cent. The probable error for the constant c is on the order of 3 percent.
At the end of the visible meteor trail the initial meteor velocity has usually
been reduced by about 10 percent. For a 10-km/sec meteor, the velocity has
been reduced by about 1 km/sec. This reduction is accounted for in the sec-
ond term of equation (14). Three percent of this reduction can be attributed
to the probable error in c. Combining the errors for the initial velocity
and the probable error in the constant c, a total error in measured velocity
of about 0.05 km/sec may be expected.
RESULTS AND DISCUSSION
Data from the four artificial meteoroids were analyzed to determine frag-
mentation characteristics. These characteristics were determined by comparing
the theoretical deceleration curves of the meteroids with their measured decel-
eration curves.
Light-intensity curves for the four artificial meteors are shown in fig-
ure 11. Absolute magnitude of each meteor is plotted against its altitude in
kilometers. Meteor 1 and meteor 3 have pronounced irregularities in their
light curves. Classical meteor theory predicts the rate of ablation of each
meteoroid to be proportional to meteor luminosity. The meteor luminosity can
be determined from the meteor light curve.
By taking absolute magnitude data from the light-intensity curves and
using equation (10), curves of instantaneous meteoroid mass as a function of
meteor altitude can be determined. The results for the four meteoroids :are
presented in figure 12. The curves in figure 12 represent polynomial fits to
the data. Instantaneous mass values from figure 12 are used in equation (1)
when calculating theoretical velocities of the ablating meteoroids.
By comparing .the theoretical and measured deceleration curves, the frag-
mentation characteristics of the four meteoroids can be determined. Figure 13
shows theoretical deceleration curves for the four meteoroids which are ablat- -
ing but assumed not to be fragmenting:. These curves are superimposed on the
measured deceleration curves of the same four meteoroids. A study of figure 13
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shows that, for each of the four meteoroids, theoretical and measured decel-
eration curves agree well during the early time history of the trajectory.
However, theoretical and measured curves begin to differ near the end of the
meteor trail. Natural meteor deceleration time histories show the same behav-
ior. Results of computations for each of the four artificial meteoroids show
that varying the dimensionless shape factor K or the dimensionless drag coef-
ficient F cannot account for the drastic change in deceleration. Meteoroid
fragmentation is an apparent explanation for the anomalous change in decelera-
tion. Visible observational evidence supporting this hypothesis are the irreg-
ularities in the measured light curves.
A primary part of the present analysis is to match the theoretical decel-
eration history determined frcro equation (1) with the measured deceleration
history determined from equation (14). In order to obtain a match of the theo-
retical and measured deceleration curves, each of the four meteoroids being
analyzed is considered to break up (geometrically) into specified numbers of
fragments of equal mass at specified altitudes. Each fragment then behaves
like a separate meteoroid of smaller mass with its velocity again described
by equation (1). Figure 14 shows the comparison of theoretical velocity-
altitude curves for the four meteoroids, taking this form of fragmentation
into account. The best matches of measured and theoretical decelerations were
obtained by using a simple geometrical progression to describe meteoroid frag-
mentation. When fragmentation begins to occur, each fragment then acts like
a single meteoroid, which is described by single-body theory until it again
fragments.
Meteor 1 was a 0.88-g nickel meteoroid with an initial velocity of
11.38 km/sec. This meteoroid was considered to fragment into two pieces at
an altitude of 74.5 km, that is, that point at which the deceleration curve
for the nonfragmenting meteoroid first deviates from the measured deceleration
curve. At each 0.5-km interval thereafter each fragment is considered to break
into two pieces of equal mass until a total of 64 fragments exists at an alti-
tude of 72 km. At 71 .4-km altitude where a significant increase in luminosity
occurs, each fragment is considered to break up again into a specified number x
of fragments. A number of deceleration curves for different values of x are
shown for meteor 1. One curve is for a meteoroid that breaks into 64 frag-
ments, that is, no further breakup when anomaly occurred in light curve. Other
curves represent deceleration of a meteoroid that breaks into a total of 128 and
256 fragments at 71.4 km. A comparison of the computed deceleration curves for
meteor 1 with its measured deceleration curve shows that fewer than 256 frag-
ments may have existed immediately after the anomaly in the light curve
occurred. The 1 28-fragment curve agrees with the measured curve until about
70 km. These curves indicate that the breakup was progressive even after the
anomaly occurred.
Meteor 2 was a large, 5.7-g steel meteoroid with an initial velocity of
10.93 km/sec. This meteoroid was considered to fragment into two pieces at an
altitude of 67 km. At each 0.5 km thereafter each fragment was allowed to break
into two pieces until a total of 32 fragments existed at an altitude of 65 km.
No anomaly occurred in this meteor. The resulting deceleration curve matches
the measured deceleration very well.
Meteor 3 was a 2.2-g steel meteoroid with an initial velocity of
11.91 km/sec. The theoretical and measured deceleration curves began to
differ at a height of about 71.5 km. At this point the meteoroid breakup was
considered to begin. Breakup into 2, 4, 8, 16, and 32 fragments occurred at
0.5-km intervals. At an altitude of about 69 km an anomaly occurredr thereby
causing an increase in meteor luminosity. At the point of the anomaly each
fragment is considered to break up into a specified number of fragments. A
number of deceleration curves are shown for meteor 3. One curve represents
meteoroid breakup into a total of 64 fragments; other curves represent 128 and
256 fragments. A comparison of the computed deceleration curves for meteor 3
with its measured deceleration curve shows that more than 32 fragments may have
existed at the time of the anomaly in the light curve because the theoretical
velocity is still larger than the measured velocity.
Meteor 4 was a 0.81-g iron meteoroid with an initial velocity of
16.43 km/sec. No anomalies were apparent in the light curve. The theoretical
and measured deceleration curve began to differ at an altitude of about 80 km.
At this point the progressive meteoroid breakup was considered to begin. Two
curves are shown. One curve represents breakup into 2, 4, 8, 16, 32, 64, and
128 fragments at 0.5-km intervals. The other curve represents breakup into 2,
4, 8, 16, 32, 64, 128, and 256 fragments at 0.5-km intervals. The measured
deceleration curve is bounded by these two curves.
The computed deceleration curves in figure 14 thus compare favorably with
their measured deceleration curves even though the model is based on a simple
geometric progression of meteoroid breakup into fragments of equal masses. In
reality the meteoroids, although undergoing progressive fragmentation, break up
into a number of fragments of unequal masses. Furthermore, even before mete-
oroid breakup begins, appreciable ablation has occurred as ascertained from
mass-loss curves for the four meteoroids in figure 1 2. The mass loss before
fragmentation, calculated from equation (12), ranges from 12 percent in meteor 1
to about 51 percent in meteor 4. These mass losses are due to either or both of
the following processes: Direct vaporization from the meteoroid surface; flak-
ing of very small particles fron the meteoroid surface which then vaporize.
Particles due to flaking are on the order of 10~5 to 10~6 g (ref. 16). As long
as direct vaporization and flaking of small particles are the mode of ablation,
single-body theory will describe the meteoroid1s deceleration; however, when
the meteoroid begins to break up, single-body theory is no longer valid and a
modified theory that combines single-body theory and progressive fragmentation
must be used.
In reference 17 an investigation was made of the thermal stresses in iron
and stone meteoroids during both preheating and ablation stages. The model
is based on a spherical meteoroid. This investigation shows that meteoroid
fragmentation due to thermal shock is size dependent, and that during the
ablation stage meteoroid fracturing is not expected for large meteoroids but
is restricted to bodies less than 10 cm in radius. Based on the results from
reference 17, the cause of fragmentation present in the four meteoroids con-
sidered in this study may be due to thermal stresses from unequal meteoroid
heating.
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CONCLUDING REMARKS
Anomalies in the deceleration of faint optical meteors have been inter-
preted as being due to progressive fragmentation caused by porous and fragile
meteoroid material of low tensile strength. The analysis in the present paper
indicates that the same type of deceleration behavior exists for small mass,
high density, and high tensile strength material entering the atmosphere at low
meteor velocities. From this analysis, which indicates significant progressive
fragmentation and which is consistent with observed faster rise to maximum
brightness and shorter duration light curves, the interpretation of the faint
meteor anomaly, indicating low density and fragile structure, should be
reexamined.
Langley Research Center
National Aeronautics and Space Administration
Hampton, VA 23665 .
November 8, 1978
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Figure 1.- Trailblazer II in launch position.
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(a) Projectile before ground firing of air-cavity gun.
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(b) Projectile recovered from ground firing of air-cavity gun.
L-78-156
Figure 6.- Projectile from air-cavity guns.
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Figure 8.- Flash radiograph of nickel pellet formed in ground tests
of shaped charge accelerators.
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Figure 9.- Locations of camera sites with respect to reentry area.
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Figure 10.- Super-Schmidt photograph of meteor 1.
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Figure 11.- Light-intensity curves for four artificial meteors.
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Figure 12.- Mass-loss curves for four artificial meteoroids.
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Figure 13.- Comparison of theoretical velocity-altitude curves for
nonfragmenting meteoroids to their measured (observationally
determined) velocity-altitude curves.
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30
12
O
<
a^
>:
.•s
O
O
11
•53 10
I I
Note :
Flare
Numbers on curves
indicate number of
fragments.
Measured
I I I I I
80 78 76 74 72 70 68 66
Altitude, km
(a) Meteor 1.
Figure 14.- Comparison of theoretical velocity-altitude curves to their measured
velocity-altitude curves for four artificial meteoroids, taking fragmentation
into account.
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Figure 14.- Continued.
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